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Large rock-slope failures are among the primary geohazards in high mountain areas.
These rock avalanches and rockslides constitute most of the world’s largest landslide
deposits. This study focuses on the formation and geomorphological activity of the
Akdag landslide complex located on the southern slope of Mount Akdag, SW Turkey.
We employed detailed mapping in the field, spatial and morphometric analysis using GIS
and remote sensing technologies, and surface exposure dating with cosmogenic 36Cl
to reconstruct the chronology of the landslide complex. For the analysis of cosmogenic
36Cl, we collected 18 surface samples from calcareous boulders within the landslide
deposit. Our field mapping shows that the Akdag rock avalanche is a large and active
slope failure developed between carbonates and flysch. The rock-avalanche deposits
cover an area of 9.8 km2 and together with the primary and secondary slope failures
which form the landslide complex, cover an area of 15 km2. The Akdag rock avalanche
is one of the largest (3 × 108 m3) known bedrock landslides in Turkey. Cosmogenic
36Cl exposure ages indicate that the main collapse occurred at 8.3 ± 1.4 ka (2σ),
followed by secondary failures. We dated one of the latter to 1.1 ± 0.2 ka (2σ). Based
on field evidence, we surmise that increased water discharge in the springs along the
carbonate-flysch contact zone played a key role in the Early Holocene failure.
Keywords: cosmogenic 36Cl exposure dating, rock avalanche, Mount Akdag, Western Taurus, Holocene
INTRODUCTION
Large bedrock landslides represent an important geomorphological process in terms of the
evolution of hillslopes and fluvial and glacial systems in mountainous terrains around the world
(Densmore and Hovius, 2000; Korup, 2002; Korup et al., 2005; Hewitt et al., 2008; Ivy-Ochs et al.,
2009; Shulmeister et al., 2009; Davies and McSaveney, 2012; Deline et al., 2015; Crosta et al.,
2017; Singeisen et al., 2020). Substantial rock-slope failures are frequently observed in mountain
landscapes due to the high topographic relief and hillslope gradient; such failures are sensitive to
changes in the climate and tectonic stress conditions (Agliardi et al., 2009; Huggel et al., 2012).
On a global scale, extensive bedrock landslides are responsible for 1–10% of Late Pleistocene and
Holocene erosion (>1 mm per ka) in tectonically active mountain belts (Korup et al., 2007, among
others), and their density is amplified by high topographic relief in response to fluvial and glacial
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incision along inner gorges (Blöthe et al., 2015). Rock
avalanches are characterized by large volume and long runouts
due to their high energy and flow-like movement (e.g.,
Hungr and Evans, 2004).
Rock avalanche deposits are important markers to understand
past climatic and geo-environmental changes in glaciated high
mountainous terrain (Pánek, 2019). In addition, catastrophic
rock-slope failures are strongly related to the location and
orientation of faults, shear zones and bedding joints, as well as
external triggering conditions (Ambrosi and Crosta, 2006; Stead
and Wolter, 2015). Moreover, many studies have emphasized
that large bedrock landslides observed after deglaciation are
closely related to the decrease in ice load and changes associated
with water table fluctuations (Gischig et al., 2011; McColl, 2012,
2015; McColl and Davies, 2013; Pánek, 2019). On the other
hand, there may be delays in the reaction time of hillslope
stability to paraglacial effects (McColl, 2012) leading to a
significant relaxation time in mountain environments, which
further underlines the importance of dynamic conditions due to
the time-dependent changes of the conditional factors.
Periods of extreme precipitation and seismic triggering are
also effective in rock-avalanche formation (Ivy-Ochs et al., 2017).
Before the introduction of isotopic dating, it was generally
accepted that most voluminous landslides in the Alps occurred
immediately after deglaciation (Heim, 1932). As more Alpine
rock-slope failures were dated, it became apparent that most
of them occurred during Holocene; specifically, 6000 years or
more after the glacier recession from the affected valleys (Prager
et al., 2009; Ivy-Ochs et al., 2017). However, unlike the congeneric
sections of the Alpine-Himalayan orogenic belt, there are no
studies available on the nature and timing of rock avalanches
at the Turkish syntax of the Alpine orogenic system. Limited
studies on the occurrence and timing of bedrock landslides in the
Pontide and Taurus mountains, which constitute the northern
and southern margins of the Anatolian Orogenic Plateau, focus
mainly on the northern margin of the plateau (i.e., Duman, 2009;
Görüm, 2019).
Along the margins of the Anatolian Plateau, large bedrock
landslides are more abundant on north-facing slopes of the
Western and Eastern Pontides in the north of Turkey, where
the slope and precipitation values are high (Görüm, 2019).
Even though the southern margins of the orogenic plateau are
similar to those of the Western and Eastern Pontides in terms
of mean altitude, topographic gradient and precipitation values,
the number of large bedrock landslides reported in the Taurus
Mountains is limited (Görüm, 2019). Landslide deposits in this
mountain belt are concentrated in the western sector, mainly in
the Akdag Massif (Figure 1).
The Akdag Massif is characterized by autochthonous
carbonates and shales overridden by allochthonous Jurassic
and Cretaceous carbonates (Figure 1; Şenel, 1997). This massif
was glaciated at least three times during Late Pleistocene
(Bayrakdar, 2012; Sarıkaya et al., 2014). It is also karstified
and bears large karstic depressions. Impermeable flysch
deposit sequences underlie these karstic depressions. Karstic
springs are located along the contact zone between the flysch
and overlying carbonates. This contact area appears to be
the major failure plane for most mass movements in the
massif. The mass movements are concentrated on the eastern
and southern slopes of the Akdag Massif, which creates a
topographic asymmetry between the eastern and western slopes
(Bayrakdar and Görüm, 2012).
The Akdag rock avalanche is one of the largest rock avalanches
in the Western Taurus Mountains. Furthermore, Akdag is
significant in terms of still being active. It is the source of
many fatal debris flows in Saklikent Canyon, which is an
important touristic site located downstream of the catchment
area of the landslide complex. Our study gives new insights
into the chronology and geomorphological activity of the Akdag
rock avalanche and subsequent slope failures, with the aim of
expanding the data catalog on Turkish rock avalanches and




The Western Taurus constitutes an important part of the
Alpine orogenic belt in the southwestern part of Anatolia. The
study area was greatly affected by thrust faulting and napping
movements. These movements made the structure of the rock
units very complex (Şenel, 1997). The Beydag autochthonous
carbonate platform, which is composed of Upper Cretaceous
neritic limestone, underlies all units. The Elmalı formation
(Eocene–Lower Miocene flysch), which is part of Yeşilbarak
Nappe, tectonically overrides the Beydag autochthon.
The Madırkaya Formation is a member of the Lycian Nappes
that consists of Middle Jurassic-Cretaceous neritic limestone
(Figures 1B,C, 2, and 3; Şenel, 1997). This formation overlies the
Yeşilbarak Nappe. In terms of active tectonics, the Akdag Massif
is located on the western edge of the major geological structure
known as the Isparta Angle in SW Anatolia, which is controlled
by the Fethiye-Burdur fault zone (Figure 1A; Bozcu et al., 2007).
Geomorphology
Having a summit of 3014 m above sea level (a.s.l.) and bordered
by faults on all sides, the Akdag Massif is stepped karst with
flat surfaces at higher elevations (Doğu et al., 1999; Bayrakdar,
2012). Although it belongs to the Lycian Nappes, it lacks a thick
carbonate stack (Figure 1B). Because thrust napping significantly
shifted the stratigraphic location of the carbonates, these rocks
are surrounded by insoluble clastic and ophiolitic rocks in some
places (Şenel, 1997; Nazik and Tuncer, 2010; Bayrakdar, 2012).
For this reason, it is not possible to assert widespread
karstification taking place with lateral and vertical continuity. In
addition, active faults and continuous regional uplift prevent the
establishment of a pronounced karstic base level at Akdag (Nazik
and Tuncer, 2010; Bayrakdar, 2012). There are many uvalas and
dolines above 2000 m a.s.l. due to the limestone lithologically
having high solubility. The swallow holes and sinkholes within
these karstic depressions have contributed to the formation of an
improved underground drainage system since the beginning of
karstification (Bayrakdar, 2012).
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FIGURE 1 | (A) Location of Akdag Massif in southwest Turkey indicating active Quaternary faults and instrumental earthquakes and their magnitudes.
(B) Generalized geology of Akdag Massif and its surroundings, SW Turkey (from Şenel, 1997). (C) Tectonic units of Mount Akdağ (from Şenel, 1997).
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FIGURE 2 | (A) Main scarp and deposits of the rock avalanche within Akdag landslide complex, view toward north. (B) View of a flysch outcrop and its dip (in
Figure 1B, viewpoint of photograph is marked).
FIGURE 3 | Contact point between Jurassic limestone and Paleocene sandstone and claystone units near the head of the scarp zone of Akdag landslide complex
(in Figure 1B, viewpoint of photograph is marked).
Mount Akdag was glaciated at least three times in Pleistocene
and the associated glacial landforms were deposited by valley
glaciers (Onde, 1952; Planhol and İnandık, 1958; Doğu et al.,
1999; Bayrakdar, 2012; Sarıkaya et al., 2014). During the glacial
advances, thick ice must have accumulated in the paleo-karstic
depressions at elevations above 2500 m a.s.l. There are five
glacial valleys with well-developed cirques in the Akdag Massif.
These glacial valleys are in conformity with slightly inclined,
wider-based paleo-karstic depressions at elevations of 2500 m,
which are covered by large ground and lateral moraines. After
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approximately 2500 m, these valleys start to lose their glacial
morphology and become narrower and finally end at 2000 m
(Bayrakdar, 2012).
The first absolute ages for the glacial chronology of the
Akdag Massif were provided by Bayrakdar (2012) using the
OSL dating method, for which samples were collected from
terminal and ground moraines. The ages of 20.2 ± 3.0,
17.7 ± 4.4, and 17.8 ± 3.6 ka were obtained from the
central part of the Akdag Massif (Bayrakdar et al., 2017).
Subsequently, Sarıkaya et al. (2014) showed three glaciations
and reconstructed their chronology by surface exposure dating
with cosmogenic 36Cl. They dated the oldest advance as prior
to 35.1 ± 2.5 ka, thus before the global Last Glacial Maximum
(LGM; at 22.1 + 4.3 ka in the northern hemisphere, Shakun
and Carlson, 2010). They revealed that during the LGM, the
glaciers reached their largest extent (descending to 2050 m
a.s.l) before 21.7 ± 1.2 ka. Later, approximately 15.1 ± 0.9 ka
during the Late Glacial period (Clayton et al., 2006), the glaciers
retreated and remained stationary for a short period of time
(Sarıkaya et al., 2017). In addition to the glacial and karst
geomorphology, mass movements play a significant role in the
present geomorphological appearance of Mount Akdag.
Climate
At the present time, many secondary slope instabilities are
active within the Akdag landslide complex and these masses are
generally accelerated by extreme rainfall and sudden snowmelt
(Bayrakdar and Görüm, 2012). The Akdag Massif confronts
humid air masses coming from the Mediterranean (Bayrakdar,
2012) and when moist air from the southwest reaches Akdag it is
forced to ascend the hillslopes, causing orographic precipitation
due to adiabatic cooling. Higher elevations of the massif receive
more rainfall; whereas karstic poljes on the lee side of the Akdag
Massif receive less (e.g., Elmalı Polje 470 mm; Figure 1A).
When precipitation data from the Kaş, Fethiye and Elmalı
meteorological stations near Akdag (Figure 1A) are extrapolated
to the massif, the annual mean precipitation reaches 1200 mm
at elevations above 2000 m a.s.l. From the peaks of the
massif downward, the precipitation values drop to 670 mm at
approximately 1000 m a.s.l. In the winter, precipitation occurs




A geomorphological map of the Akdag landslide complex
(Görüm et al., 2017) was used to characterize the Akdag rock
avalanche and secondary landslides that occurred during the
period following the initial failure (Figure 4). In addition to
geomorphological mapping, the geological map of Şenel et al.
(unpublished) was used to extract lithological and structural
information for further interpretation. This geological map was
mainly used for determining the boundaries of pre-Quaternary
units. The Quaternary units were mapped by processing high-
resolution remote sensing images (e.g., unmanned aerial vehicle
(UAV) derived orthophoto mosaics and GeoEye-2 satellite
images) as well as extensive fieldwork.
To assess the potential role of conditional factors on the
occurrence of the Akdag rock avalanche and the following
secondary landslide events, we obtained the following terrain
metrics from a 10 m DEM of the study area in SAGA GIS(c)
(Conrad et al., 2015); abundance and depth of depressions and
the topographic wetness index (TWI). The closed depression map
was derived using compound analyses under the terrain analysis
module. The Topographic Wetness Index (TWI), which is a
measure widely used to describe the effect of topography on the
location and size of saturated source areas of run-off generation,
was also used as a proxy for regional soil moisture assessment. We
used the SAGA topographic wetness index (Olaya and Conrad,







where TWI is the SAGA wetness index at a given point, SCAm is
the modified specific catchment area draining to that cell, and β is
the slope angle of the point (Boehner and Selige, 2006). High TWI
values represent wetter conditions. After the calculation of TWI
values, we then reclassified the derived results using the mean
plus standard deviation (1σ) to identify particularly high values
in our study area.
Surface Exposure Dating
Many landslides have been dated by cosmogenic isotopes in
Europe (Ballantyne, 1998; Ivy-Ochs et al., 2009; Prager et al.,
2009; Akçar et al., 2012a; Singeisen et al., 2020, among others),
North America (e.g., Nichols et al., 2006), South America (e.g.,
Hermanns et al., 2004) and Asia (e.g., Barnard et al., 2001). The
top surfaces of boulders in a landslide deposit represent potential
sample locations for cosmogenic nuclide dating (Ivy-Ochs and
Schaller, 2010; Pánek, 2015). Apparent exposure ages from such
surfaces may be older or younger than the true deposition age
(e.g., Akçar et al., 2011).
The presence of inherited nuclides from pre-failure exposure
may give exposure ages that are too old (e.g., Ivy-Ochs et al.,
2009; Hilger et al., 2019). In general, inheritance occurs as a
result of cosmogenic nuclide accumulation both at the surface
and at depth in the bedrock before the collapse (e.g., Akçar
et al., 2014). The exposure duration prior and after the collapse
determines the contribution of inheritance to the overestimation
of the exposure age; for instance, old landslides with short pre-
failure exposure times would result in limited overestimation
due to inheritance (Hilger et al., 2019). However, inheritance
will make a significant contribution to the age overestimation in
submillennial scale failures (Akçar et al., 2012a, 2014). As well as
cosmogenic nuclide accumulation prior to failure, the reworking
of previously exposed boulder surfaces can cause inheritance
(Ivy-Ochs and Schaller, 2010). Underestimation of the true age is
generally a result of post-depositional processes such as erosion,
exhumation and toppling (e.g., Putkonen and Swanson, 2003). In
addition, snow, sediment and/or vegetation cover can also cause
“younger” ages than the true age (Ivy-Ochs et al., 2009).
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FIGURE 4 | Geological and Geomorphological map of Akdag landslide complex (modified after Görüm et al., 2017), sample locations and 36Cl cosmogenic
exposure ages. Line A to B indicates location of cross section given in Figure 9.
In this study, 18 surface samples were taken from boulders
on the Akdag landslide complex (Figures 4, 5). These samples
were prepared at the Surface Exposure Dating Laboratory at the
University of Bern following the preparation procedure described
by Ivy-Ochs et al. (2004, 2009), based on the method of Stone
et al. (1996) using isotope dilution (Elmore et al., 1997; Ivy-Ochs
et al., 2004; Desilets et al., 2006). Before crushing, each sample
was cut parallel to the surface to decrease the thickness down
to 1,2 cm (Table 1). Afterward, the samples were crushed and
sieved to 250–400 µm (micrometer) grain-size fraction. They
were subsequently leached two times in 2 M HNO3 overnight
and thoroughly rinsed with ultrapure water (18.2 M cm) and
dried overnight to free the samples of any possible meteoric Cl.
An aliquot of approximately 10 g of leached material from one
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FIGURE 5 | (A) Picture of boulder TRAK-10. (B) Close-up view of sampled top boulder surface of TRAK-10.
sample per strip was analyzed for major and trace elements at SGS
Mineral Services, Toronto, Canada (Table 2). The leached sample
was spiked with ∼2.5 mg of pure 35Cl and dissolved with HNO3
(Table 1). To precipitate AgCl, AgNO3 was added. Sulfur in the
sample, 36S as an isobar of 36Cl, was eliminated by precipitation
of BaSO4 to avoid its interference during the accelerator mass
spectrometry (AMS) measurement. The 35Cl- spike was used for
the determination of total Cl concentration (35Cl, 37Cl) in the
analyzed rock material (Ivy-Ochs et al., 2004, 2009). This required
the calculation of (1) the 36Cl concentration in the sample; (2)
36Cl production rate through low-energy neutron capture by
35Cl; and (3) subsurface production of non-cosmogenic 36Cl. The
concentrations of total Cl and 36Cl were measured from one
target at the ETH AMS facility by applying the isotope dilution
technique (Synal et al., 1997; Ivy-Ochs et al., 2004). In this way,
independent determination of total Cl on a separate sample
aliquot was eliminated; this has led to crucial improvements in
both the precision and sensitivity of 36Cl methodology (Ivy-Ochs
et al., 2004; Desilets et al., 2006). Sample ratios of 36Cl/35Cl
were normalized to the ETH internal standard K382/4N, which
has a value of 36Cl/Cl = 17.36 × 10−12 (normalized to the
Nishiizumi standard in 2009), whereas the stable 37Cl/35Cl ratio
was normalized to the natural ratio 37Cl/35Cl = 31.98% of
K382/4N standard and a machine blank. The sulfur correction
of measured 36Cl/35Cl ratios was negligible (0.7% of ratios).
Measured sample 36Cl/35Cl ratios were also corrected for a
procedure blank of 8 × 10−15, which amounted to a correction
of less than 5% for the samples.
For the production rate of cosmogenic 36Cl, we applied
48.8 ± 1.7 atoms g−1 of Ca a−1 at SLHL as the spallogenic
production rate from Ca (Stone et al., 1996, 1998) and 162 ± 24
atoms g−1 of K a−1 from K (Evans et al., 1997). The Lal













Trak 1 1849 36.3028 29.3149 2.40 5 0.9904
Trak 2 1838 36.2951 29.3149 1.32 5 0.9904
Trak 3 1838 36.2950 29.3149 0.80 5 0.9904
Trak 4 1776 36.2933 29.3205 0.40 5 0.9627
Trak 5 1758 36.2938 29.3219 0.90 5 0.9550
Trak 6 1757 36.2939 29.3221 1.60 5 0.9550
Trak 7 1775 36.2943 29.3223 1.70 5 0.9166
Trak 9 1766 36.2938 29.3208 1.85 5 0.9336
Trak 10 1769 36.2939 29.3207 1.20 5 0.9466
Trak 11 1770 36.2937 29.3205 1.30 5 0.9500
Trak 13 1553 36.2855 29.3212 1.00 5 0.9645
Trak 14 1581 36.2858 29.3212 1.10 5 0.9717
Trak 15 1597 36.2903 29.3215 2.00 4 0.9732
Trak 17 1618 36.2905 29.3212 1.70 5 0.9665
Trak 18 1625 36.2909 29.3213 0.70 5 0.9639
Trak 19 1641 36.2913 29.3212 1.30 3 0.9662
Trak 20 1641 36.2916 29.3213 1.70 5 0.9662
Trak 21 1665 36.2919 29.3216 1.70 5 0.9467
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(1991)/Stone (2000) scheme was employed to scale the local 36Cl
production rates in order to calculate the 36Cl exposure ages.
A production rate of 5.3 ± 0.5 atoms (g−1 Ca) a−1 at SLHL
due to muon capture was used (Stone et al., 1996, 1998). For
36Cl production caused by the capture of thermal and epithermal
neutrons, we applied a rate of 760 ± 150 neutrons g−1 a−1
above the surface following Liu et al. (1994) and Phillips et al.
(2001) (see Alfimov and Ivy-Ochs, 2009 for further details). Major
element, boron, gadolinium and samarium concentrations were
used to determine the fraction of low-energy neutrons available
for capture by 35Cl to build 36Cl (Fabryka-Martin, 1988; Phillips
et al., 2001; Alfimov and Ivy-Ochs, 2009). Uranium and thorium
concentrations were considered to determine the contribution
of non-cosmogenic subsurface 36Cl (Fabryka-Martin, 1988). In
the calculation of exposure ages, topographic shielding (based
on Dunne et al., 1999), sample thickness (using an exponential
attenuation length of 160 g/cm2), rock density (2.4 g/cm3)
and erosion rate (0.5 cm/ka) were considered. We selected
this erosion rate according to: (1) saturated cosmogenic 36Cl
concentrations analyzed in massive bedrock limestone surfaces
in Crete (Ivy-Ochs, Hetzel, Alfimov unpublished data) and
(2) the depth of the original quarry marks on the building
stones at Hattusha, the ancient Hittite capital in central Turkey
(Akçar et al., 2009).
RESULTS
Morphometric Properties of the Akdag
Rock Avalanche
The surface area of the Akdag landslide complex is approximately
15 km2. The Akdag rock avalanche is a complex landslide area
that developed in multiple stages and contains more than one
landslide type, caused by a massive collapse in the southern sector
of the mountain. The main rock avalanche covers an area of
9.8 km2. The approximate volume of displaced material due to
this large slope failure is 3 × 108 m3, and the distance from the
crown to the toe is approximately 4.5 km (Figure 4).
The rock avalanche occurred on the contact plane of
tectonically discordant Jurassic limestone with Paleogene
sandstone and claystone units (Figures 3, 4). The failure was
primarily affected by structural discontinuities, such as joints,
cracks and faults apparent in the source area. Many of the
tension cracks and fissures observed on the landslide deposits
and behind the main scarp indicate that the landslide is currently
in a relatively active state (Figure 6). The presence of newly
developed failures within the landslide mass at different periods
is one of the most important indicators showing that the slopes
have not stabilized to date. The jagged morphology of the crown
area and concave parts of the main scarp corresponding to
rockfall and secondary slip indicate that the scarp becomes
rejuvenated as it retrogrades, giving the landslide a retrogressive
character (Figures 4, 6). Moreover, the landslide complex is
enlarging its extension with secondary failures (e.g., rockslides)
which have been developing on the southern slopes of Akdag
(Görüm et al., 2017).
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FIGURE 6 | Akdag main scarp and recent slumps inside the main scarp (in Figure 4, viewpoints of photographs are marked).
TABLE 3 | Cosmogenic 36Cl exposure age parameters and results.
Sample name Sample weight (g) Carrier weight (mg) Cl (ppm) 36Cl (104 at.g−1) Local production rate
[at 36Cl.g(rock).a−1]
Exposure age (ka)
TRAK-1 68.9031 2.2593 63.80 ± 0.8 11.54 ± 6.9 88.54 ± 3.20 1.3 ± 0.1
TRAK-2 70.0194 2.2587 63.25 ± 1.0 8.77 ± 8.0 88.04 ± 3.19 1.0 ± 0.1
TRAK-3 70.3745 2.2542 79.49 ± 1.7 9.72 ± 8.6 91.54 ± 3.62 1.1 ± 0.1
TRAK-4 69.2951 2.2572 80.03 ± 1.3 13.03 ± 7.3 86.98 ± 3.47 1.5 ± 0.1
TRAK-5 69.1904 2.2542 93.50 ± 1.2 67.45 ± 3.8 88.28 ± 3.13 7.9 ± 0.5
TRAK-6 69.0953 2.2605 65.73 ± 1.0 69.51 ± 3.4 84.28 ± 3.17 8.7 ± 0.4
TRAK-7 68.3552 2.2623 48.69 ± 0.8 39.11 ± 3.9 81.34 ± 2.84 5.3 ± 0.3
TRAK-9 68.9534 2.2605 55.62 ± 1.1 11.50 ± 7.2 83.29 ± 2.97 1.5 ± 0.1
TRAK-10 69.1612 2.2638 54.67 ± 0.6 67.21 ± 3.0 82.90 ± 2.95 8.7 ± 0.4
TRAK-11 68.7688 2.2656 48.32 ± 1.0 22.29 ± 5.1 82.27 ± 2.85 2.9 ± 0.2
TRAK-13 69.2598 2.2626 58.80 ± 0.7 9.64 ± 7.1 72.38 ± 2.60 1.4 ± 0.1
TRAK-14 67.9544 1.9041 47.60 ± 0.8 9.03 ± 7.0 59.14 ± 2.20 1.6 ± 0.1
TRAK-15 69.3325 1.5066 38.72 ± 0.7 32.42 ± 3.9 71.58 ± 2.39 4.7 ± 0.2
TRAK-17 68.8696 2.2680 42.36 ± 0.9 64.61 ± 4.0 73.17 ± 2.48 9.3 ± 0.5
TRAK-18 68.8323 2.2536 38.72 ± 0.5 27.99 ± 4.2 72.97 ± 2.45 4.0 ± 0.2
TRAK-19 67.6867 2.2575 50.09 ± 1.3 51.54 ± 4.8 75.59 ± 2.58 7.1 ± 0.4
TRAK-20 69.2010 2.2677 31.79 ± 0.4 63.53 ± 3.1 72.68 ± 2.39 9.3 ± 0.4
TRAK-21 65.4889 2.2560 48.57 ± 0.7 48.98 ± 3.6 76.18 ± 2.62 6.9 ± 0.3
Surface Exposure Dating
Eighteen rock-surface samples were collected in Akdag from
landslide deposits for cosmogenic nuclide surface exposure
dating (Table 1). Major and trace elements measured in the
collected rock surface samples are provided in Table 2. The
cosmogenic nuclide data presented in Table 3 are the amount
of dissolved rock, the 35Cl spike, total Cl concentration,
36Cl concentration, local production rate of 36Cl and the
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FIGURE 7 | Sampling sites for36Cl cosmogenic nuclide dating in the landslide complex. In Figure 4, viewpoints of photographs are marked. (A) Rock avalanche and
rockslide. (B) Higher elevation deposits of rock avalanche and rockslide.
surface exposure age. The total Cl concentrations were between
31.8 ± 0.4 and 93.50 ± 1.2 ppm; and the measured 36Cl
concentrations were between 8.77 ± 8.0 × 104 atoms/g and
69.51 ± 3.4 × 104 atoms/g. Based on these data, we calculated
36Cl exposure ages that ranged from 1.0± 0.1 to 9.3± 0.5 ka.
The deposits of the Akdag landslide complex were exposure-
dated at two distinct landslide parts, consisting of a rockslide
and the rock avalanche. The deposits of the latter form two
topographical levels found at different levels: the intermediate
elevation deposits and the lower elevation deposits (Figure 7).
Cosmogenic 36Cl exposure ages from the intermediate elevation
deposits (Trak-4 to TRAK-11; Figure 7) of the Akdag landslide
complex varied between 1.5 ± 0.1 and 8.7 ± 0.4 ka; and from
the lower elevation deposits (TRAK-13 to TRAK-21; Figure 7B)
they were between 1.4 ± 0.1 and 9.3 ± 0.5 ka, respectively.
The lower elevation deposits form the lowest level of the toe of
the landslide mass, which starts at 1650 m and ends at 1340 m
a.s.l. then continues along a 1,900 m-long gently sloping surface.
We interpret this area as being the oldest sliding section of the
landslide mass, based on the exposure ages and field evidence.
This part of the landslide mass has been severely dissected by
streams with steep erosional slopes, indicating an absence of
active movements (Figures 4, 8). The oldest exposure ages are
9.3 ± 0.5 ka (TRAK-17) and 9.3 ± 0.4 ka (TRAK-20), which
were collected from this level. In addition, exposure ages of
7.1± 0.4 (TRAK-19), 6.9± 0.3 (TRAK-21), 4.7± 0.2 (TRAK-15),
4.0± 0.2 ka (TRAK-18), 1.4± 0.1 ka (TRAK-13), and 1.6± 0.1 ka
(TRAK-14) were also obtained from boulders on this deposit
(Figures 8, 9).
We explain the young exposure ages of 1.4 ± 0.1 ka (TRAK-
13) and 1.6± 0.1 ka (TRAK-14) from the boulders situated at the
lowest level of the main landslide close to the toe as follows: these
boulders might belong to a younger landslide that occurred on
the right lateral slope (western hillslope) of the valley which may
have slumped onto the toe of the main rock avalanche body. An
alternative explanation could be their exhumation due to active
disintegration of the main landslide mass since failure. For this
reason, the exposure ages from boulders TRAK-13 and TRAK-14
were excluded for further discussion. In addition, we argue that
the young exposure ages from the boulders TRAK-15 and TRAK-
18 are the result of either exhumation or surface weathering,
which were not physically detectable in the field. Therefore, their
exposure ages were also excluded.
Above this section, the intermediate elevation deposits of the
rock avalanche are located at approximately 1750 m a.s.l. with an
average width of 450 m. This level contains mounds with adjacent
pits and a distorting trend toward the crown. The exposure ages
of 8.7 ± 0.4 ka (TRAK-6), 8.7 ± 0.4 ka (TRAK-10), 7.9 ± 0.5 ka
(TRAK-5), 5.3 ± 0.3 ka (TRAK-7), 2.9 ± 0.2 ka (TRAK-11) and
1.5 ± 0.1 ka (TRAK-4 and TRAK-9) were obtained from seven
boulders from these intermediate elevation deposits (Figure 8).
At this level, we argue that the boulders TRAK-4, 7, 9, and 11
are outliers because of exhumation. These boulders were more
likely uncovered through the erosion of the matrix or exposed
by secondary post-depositional processes (cf. Akçar et al., 2011)
(e.g., Figure 6). After identifying outliers of the rock avalanche
in the lower and intermediate elevation deposits, we calculated
a weighted mean age of 8.3 ± 1.4 ka (2σ uncertainty) based
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FIGURE 8 | Altitude versus cosmogenic 36Cl exposure age plot. Plotted uncertainties are one sigma. Dark blue solid line indicates weighted mean ages of the rock
avalanche and rockslide. Blue shaded area shows the two sigma solution space.
on the exposure ages from TRAK-5, 6, 10, 17, 19, 20, and
21, representing the entire rock avalanche body. Here, we note
that the outliers plot beyond the two sigma solution space in
Figure 8. The deposits of the secondary rockslide cover an
area approximately 300 m below the crown corresponding to
approximately 1850 m a.s.l., and consist of coarse debris varying
from gravel to large blocks. Three surface samples collected from
boulders at this site gave exposure ages of 1.1 ± 0.1 ka (TRAK-
1), 1.3 ± 0.1 ka (TRAK-3), and 1.0 ± 0.1 ka (TRAK-2). Based
on these exposure ages, we calculated a weighted mean age of
1.1± 0.2 ka (2σ uncertainty) for this rockslide (Figure 8).
DISCUSSION
Chronology of the Akdag Rock
Avalanche and Its Plausibility
The active displacement within the Akdag landslide complex
is manifested by several minor landslides along the crown of
the major failure. For example, we studied one of the younger
rockslides in the crown area which was dated to 1.1 ± 0.2 ka
(2σ uncertainty). The toe of the rock avalanche deposits has
been dissected and bears signs of disintegration as well as
other geomorphic features within the complex (Figure 4). Our
reconstructed chronology of the rock avalanche complex shows
that the major collapse occurred at 8.3± 1.4 ka (2σ uncertainty),
which we mapped as a rock avalanche. We consider that the mass
of the major collapse has been actively moving since the major
failure at 8.3 ± 1.4 ka. It should be noted that we cannot exclude
mass wasting processes prior to 8.3 ± 1.4 ka; if the deposits were
present, they were most likely overridden by a rockslide.
Surface exposure dating of landforms may sometimes be
affected by inheritance (i.e., too old exposure ages) and/or
exhumation (i.e., too young exposure ages) (Ivy-Ochs et al., 2007;
Heyman et al., 2011, among others). However, for the following
reasons, we argue that age overestimation due to inheritance in
the Akdag rock avalanche is limited within the uncertainties,
if present. In case of significant inheritance we would expect
much older exposure ages due to the long pre-failure exposure
of the study area.
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FIGURE 9 | Cross-section of Akdag rock avalanche and distribution of 36Cl surface exposure ages (profile line is shown in Figure 4 with a white dashed line).
The source area is beyond the extent of glaciations, thus
the Jurassic limestone in the source area has been continuously
exposed to cosmic rays during at least the last 40 ka (after
Sarıkaya et al., 2014). Considering the existing chronology of the
glaciations in Anatolia (Akçar et al., 2017), one could argue that
the continuous exposure time is even longer, in the order of a few
hundred thousand years. In both cases, the pre-collapse exposure
time is long enough to cause significant inheritance. In addition,
boulders which were transported on the passive carapace (Davies
and McSaveney, 2009) during the collapse could certainly contain
inherited cosmogenic 36Cl (after Akçar et al., 2012b). Under these
circumstances, we argue that we should have encountered at least
one exposure age of around 20–30 ka among the 15 boulders
which we sampled within the rock avalanche. It is thought that
the lack of inheritance in our data might be a hint of active surface
processes and/or mass wasting prior to 8.3± 1.4 ka.
Karstification of the Akdag Massif is still active today, which
is observed in the Jurassic limestone bedrock to the north or
the scarp (Figures 3, 6). Similar environmental conditions are
likely to have prevailed prior to the collapse, when karstification
should have played a significant role in landscape degradation
(Bayarı et al., 2019; Doğan et al., 2019; Nazik et al., 2019). For
instance, repeated sinkhole and uvala formation and the collapse
of cave systems would lead to the instantaneous removal of
a few meters of rock at the surface, which would already be
enough to remove the inherited cosmogenic 36Cl acquired during
the tens of thousands of years during the pre-collapse exposure
time. In addition, repeated retrogressive wasting of the scarp
area with smaller scale landslides during the pre-failure exposure
time might also have contributed to the removal of inherited
cosmogenic 36Cl.
As well as inheritance, exhumation and/or post-depositional
movement of the boulders can hinder the reconstruction of
the chronology (cf. Akçar et al., 2011). In both lower and
intermediate elevation deposits, eight boulders are plotted
beyond the two sigma solution space. As previously explained,
we argue that these boulders were exposed because of post-
depositional factors, such as exhumation. In the lower elevation
deposits, there is a gentle trend in the distribution of exposure
ages with respect to elevation, i.e., exposure age becomes younger
with decreasing elevation (Figure 9). This is in accordance with
our field observations and interpretations. The margin (lower
elevation) of the toe of the landslide mass is more unstable in
comparison to the central parts (higher elevation). This indicates
that post-depositional factors such as exhumation have had a
potentially high effect on the boulders in this deposit. Boulders
in the intermediate elevation deposits do not indicate any
relationship between the elevation and exposure age (Figure 9)
but they seem to have been affected by exhumation. They
indicate a similar age distribution pattern as the lower elevation
deposits; however, this resemblance does not indicate episodes of
movement in the landslide mass.
The distribution of the cosmogenic 36Cl exposure ages of
the three boulders from the secondary rockslide shows a tight
distribution (Figure 9). Recent slump activity has also affected the
rock avalanche complex, supporting the hypothesis of a sudden
secondary rock slide at 1.1 ± 0.2 ka. In these high elevation
deposits, the boulders are not embedded in a matrix, which
makes it unlikely that they have been shielded by sediment cover
since their deposition. This field evidence points toward a lack of
exhumation in this area and thus a well confined timing of failure.
In general, exhumation and other post-depositional processes
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in an actively moving landscape have possibly more impact on
boulders than inheritance.
Causes of Akdag Rock Avalanche and
Landslide Complex
The interplay of lithology, structure and surface processes
is clearly complex, as multi-scale conditional factors have a
destabilizing effect on rock slopes. Massive rock-slope failures
such as rock avalanches are closely related with preconditioning
tectonic factors; more specifically, the internal structure of
hillslopes (Hermanns and Strecker, 1999; Dortch et al., 2009;
Korup and Dunning, 2015). Like several reported rock avalanches
in other high mountain belts around the world, the location of
Akdag landslide complex is not coincidental (e.g., Davies et al.,
1999; Strom and Korup, 2006).
The effects of lithological characteristics and sedimentary
structures play a significant role in setting up an environment
prone to slope failures in the southern section of Akdag
Massif. This also affects the development of shallow karstic
processes on the upper part of the Akdag rock avalanche
and has formed numerous karstic depressions in the upper
sections of impermeable autochthonous units (Figure 10A).
Since nappe movements in this area significantly change
the stratigraphic position of limestone units, karstic features
developed horizontally due to underlying impermeable rock
units. The largest of these karstic depressions is the Rahat
Plain (Uvala), which has an area of 553 m2 immediately north
of the Akdag rock-avalanche scarp (Figures 10A, 11A). In
the formation of Rahat Plain and nearby karstic depressions,
secondary inactive faults might have played a role as well as
the stratigraphic position of the Elmalı formation, which acted
as an impermeable zone. This impermeable unit of sandstone,
claystone and siltstones builds a karstic base level; thus preventing
the vertical expansion of karstification and resulting in laterally
extensive and shallow karstic depressions (Figure 10A).
At the base of these depressions are swallow holes that drain
water into the ground. Mainly during the snowmelt period,
the water at the base of these karstic depressions migrates
underground. The discharge most likely flows vertically until it
reaches contact with the clay layers. Because of the presumed
inclination of the contact zone, drainage continues toward the
south along the impermeable zone of claystone and siltstones
and finally emerges within the landslide complex of the massif as
karstic springs. We identified numerous karstic springs emerging
at the limestone-claystone contacts in the Akdag landslide
complex (Figure 10B). Although we have no information about
the density of discontinuities within the bedrock, pore-water
pressures, or level of the groundwater table at the time the
Akdag rock avalanche occurred, we argue that these springs are
one of the crucial factors in the formation of the Akdag rock
avalanche, and that they had higher flow rates at the end of the
Last Glaciation and beginning of Holocene based on the spatial
distribution and depth of these karstic sources (Figure 10).
The main rock-avalanche scarp tends to retrogressively
expand to the north. Together with continuing changes in
stress of the shallow karstic process after the Akdag rock
avalanche, secondary slope failures were initialized, such as
the analyzed rockslide, which furthered the formation of this
landslide complex (Figures 5, 11). Although the main scarp of
the Akdag rock avalanche has not yet reached the Rahat Uvala,
it has already deformed many dolines behind it (Figures 5, 11).
These dolines and uvalas are filled with snow in the winter period.
When the snow melts during the early spring, it contributes
to an increasing groundwater level that drains into the main
body of the rock avalanche through subsurface drainage. In
the spring, subsurface drainage enhanced by snowmelt and
rainfall emerges as karstic springs at the contact plane of the
Elmalı formation, just 300 m below the main scarp (Figure 10).
Karstic springs with high flow rates and floods caused by
heavy rainfall trigger rapid erosion in sandstone, claystone, and
siltstone, which are easily eroded and consequently cause deep
gully erosion (Figure 12). During floods, they rapidly erode the
Elmalı formation and transform into mudflows in the creeks.
This rapid erosion taking place beneath the limestone units
causes further slope instability and creates new mass movements
and extensive gully erosion (Figure 13A). Secondary slope
instabilities along the main scarp form counter slopes, creating
temporary ponds which in turn increase the probability of sudden
failure (Figure 13B).
Potential Triggering Factors
Seismic shaking is one of the main factors that trigger large
bedrock landslides, including rock avalanches, in tectonically
active mountain belts (Keefer, 1984; Weidinger et al., 2002;
Dunning et al., 2007; Görüm et al., 2014). Keefer (1984) reports
that even small earthquakes (i.e., Mw 4.0) may trigger landslides;
moreover, earthquakes greater than 7.0 may induce tens of
thousands of landslides (Tanyas et al., 2017). The Akdag Massif is
located in a tectonically active region of SW Anatolia (Figure 1).
The neotectonic evolution of SW Anatolia is characterized by
the development of several extensional intermontane basins (e.g.,
Esen Basin on the foothills of Akdag Massif to the west) during
Late Miocene–Quaternary (e.g., Ten Veen, 2004; Alçiçek, 2007).
The extensional intermountain Esen Basin includes many short
normal-faulting segments running in a NE–SW direction (Emre
and Duman, 2011). This fault, with a total length of 23.5 km, is
known as the Saklıkent Fault, which is defined as a Quaternary
fault 7.5 km west of the Akdag rock avalanche (Figure 1A). The
fault consists of two main segments, 9.1 and 14.4 km in length,
respectively.
Based on the magnitude-length scaling relationship of Wells
and Coppersmith (1994), we calculated the probable earthquake
magnitudes that these fault segments and the entire fault could
produce if they were ruptured at once. The results showed
that possible earthquake magnitudes could be Mw = 6.1, 6.4
and 6.7. Considering these magnitudes, we estimated that the
maximum ground acceleration (based on the empirical equation
proposed by Ulusay et al., 2004 for Turkey) that these earthquakes
can produce is from 158 to 235 (gal). Paleo-earthquakes of
this magnitude could potentially provide sufficient ground
acceleration to trigger the Akdag rock avalanche, although there
is no paleo-seismic evidence that validates this assumption. Yet
further paleo-seismological investigations need to be conducted
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FIGURE 10 | (A) Distribution and depth of karstic depressions (TWI: topographic wetness index). (B, C) Head of a karstic spring on the eastern flank of the Akdag
rock avalanche (In Figure 4, viewpoints of photographs are marked).
FIGURE 11 | Panoramic view of Rahat glacial valley, Rahat plain (uvala), and main scarp of the Akdag landslide south of Akdag Massif (in Figure 4, the viewpoints of
photographs are marked).
with radiometric dating methods to clarify the role of past seismic
events in the Akdag rock avalanche as a trigger factor.
Additionally, there were short cooling and warming periods
during the Holocene according to research, including the
study area and its near surroundings. On the basis of
δ18O measurements, we attempted to reveal the relationship
between the landslide chronology and climate change. δ18O
measurements carried out in the Mediterranean (some locations
close to the Akdag rock avalanche) and Black Sea basins e.g.,
Lake Sünnet (Ocakoğlu et al., 2013), Gölhisar (Eastwood et al.,
2007), Soreq Cave (Bar-Matthews et al., 1999), Marmara Sea
(Marino et al., 2009), Aegean Sea (Kotthoff et al., 2008), and
Sofular Cave (Badertscher et al., 2011) indicate cooling events
at 9.2, 8.9, 8.2 and 7.6 ka (Ocakoğlu et al., 2013). Among
the locations mentioned above, Gölhisar is closest to Akdag,
found 70 km north of the mountain. Although the δ18O climate
record from Gölhisar does not show a close relationship with
Akdag landslide activity, isotopic fluctuations in this lake during
the early-to-mid Holocene (8800–5100 ka) suggest oscillations
between aridity and humidity (Eastwood et al., 2007). It can be
asserted that specifically humid periods may have triggered the
Akdag rock avalanche (Figure 14).
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FIGURE 12 | (A) Different lithology and forms of erosion in the landslide. (B) Gully erosion (in Figure 4, the viewpoints of photographs are marked).
FIGURE 13 | (A) Rock slump on scarp due to slope instability. (B) Destruction of forest on Elmalı formation as a result of flow material in one of the secondary rock
avalanches (in Figure 4, viewpoints of photographs are marked).
Besides the impact of past climatic events, today’s climatic
characteristics also cause landslide activity on Akdag. The
landslide complex is found on the western part of the
Teke Peninsula, surrounded by the Mediterranean. This area
encounters moist air masses coming from the southwest over
the Mediterranean. These air masses are confronted by the south
and west slopes of Akdag Massif, as the first high and prominent
mountain range on the peninsula. As the humid air ascends over
the southern hillslope of the mountain where the Akdag rock
avalanche is located, it is forced into lifting further and finally
turns into orographic precipitation due to adiabatic cooling.
The annual average precipitation reaches 1200 mm in this area
(Bayrakdar, 2012), and sporadic heavy rainfall triggers many large
and small landslides.
Based on the cosmogenic 36Cl chronology, we concluded
that the main rock avalanche occurred at 8.3 ± 1.4 ka (2σ),
and a secondary rockslide at 1.1 ± 0.2 ka (2σ) (Figures 9, 10).
Moreover, although a clear relation between the exposure ages
and the δ18O climatic data cannot be established from the
locations close to Akdag, a parallel relationship can be seen
between the cooling periods and landslide activity. The age
of 8.3 ± 1.4 ka (2σ) for the Akdag rock avalanche is more
meaningful when correlated with global climate change during
the Holocene (Figure 14). The Holocene thermal maximum
was reached 9,000–5,000 years ago in the northern central
Mediterranean region. The average July temperature is estimated
to have been 1,2◦C warmer than the recent pre-industrial period,
consistent with glacier and marine records, and with transient
climate model runs (Samartin et al., 2017). At the beginning of
the Holocene, the increase in temperature may have triggered
the Akdag rock avalanche by causing rapid melting of glaciers
and snow. In particular, the glacier and snow in the glacio-karstic
Kuruova uvala found to the northeast of the landslide complex
may have produced enough melting water for the underground
system to trigger a slope failure because the limestone strata dips
toward the landslide complex (Figure 4).
A common pattern of landslide occurrence in previously
glaciated areas is that many major landslides are of the order of
10 to 8 ka in age, with another cluster around mid-late Holocene
at approximately 3–2 ka (Abele, 1997). These findings have been
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FIGURE 14 | Comparison between OSL dating (Bayrakdar, 2012; Bayrakdar et al., 2017) and cosmogenic surface exposure dating (Sarıkaya et al., 2014) for the
Akdag Massif glacial chronology (Sarıkaya and Çiner, 2015). (A) Past surface temperatures gathered by drilling cores from Greenland GISP 2 (Alley, 2000).
(B) Correlation between δδ18O climate data belonging to Gölhisar, located 70 km north of Akdag (Eastwood et al., 2007). (C) 36Cl exposure age of the rock
avalanche and rockslide.
FIGURE 15 | Schematic three-dimensional diagram showing the eventual morphologic appearance before and after Akdag rock avalanche. Blue lines and arrows
denote river network and flow direction, respectively.
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both surprising and challenging for researchers in the European
Alps, who had previously assumed that the relict large landslides
were a remnant of deglaciation and not a phenomenon that
had occurred under climatic conditions similar to the present
(Abele, 1997). While some major landslides began occurring
before deglaciation (Ambrosi and Crosta, 2006), and some were
synchronous with deglaciation (Agliardi et al., 2001; Smith,
2001), the majority of documented cases indicate that large
post-glacial failures typically occurred thousands of years after
the retreat of the ice (McColl, 2012). Although the landslides
mentioned here occurred in valleys that were glaciated during the
Last Glacial (Clayton et al., 2006; Bayrakdar, 2012; Sarıkaya et al.,
2014; Bayrakdar et al., 2017), the Akdag rock avalanche took place
just beyond the maximum extent of the glaciers in this massif.
The exposure ages have shown that the first landslide happened at
c. 8.3 ka, and the second major failure came about at c. 1.1 ka. The
instability after these major events led to sequential slope failures
and formed the Akdag landslide complex (Figure 15).
CONCLUSION
Occurring on the southern slope of the Akdag Massif in the
western Mediterranean region, the Akdag landslide is a complex
phenomenon covering a surface area of approximately 9.8 km2
that developed under the impetus of multiple factors and involves
more than one type of movement. Because the slope failure
was initiated at the point of contact between carbonates and
flysch, the total mass of displaced material has been calculated
as 300 × 106 m3. This volume makes it the largest bedrock
landslide known in the Western and Central Taurus mountains.
The surface exposure ages show that there were two major events:
the first is a rock avalanche dated to 8.3 ± 1.4 ka (2σ), and
the second is a rockslide dated to 1.1 ± 0.2 ka (2σ). The rock
avalanche event is closely related to karstic depressions in the
upper parts of Akdag Massif and wetter conditions prevailing
at the beginning of Holocene. The landslide is still active and is
enlarging toward the sides and upper slopes.
Although the first major failure of the Akdag rock avalanche
dates to early Holocene, the presence of new landslides observed
in several field campaigns indicate that the landslide mass is
currently active. As well as forested and residential areas, there
are many important roads and water pipeline routes within the
landslide area. Depending on the progress of landslide activity,
the residential areas and roads are constantly in danger and
frequently damaged causing loss of life, property and resources
that cannot be recovered. Since the landslide areas may be
characterized as a mountain basin providing a high input of
debris into the river system, it heightens the effect of frequent
torrents, especially in Saklikent Canyon, an important tourist site
downstream of the basin. The fatal torrent in July 2014 triggered
by a flash flood or heavy rainfall event in which two tourists died
and nine people were seriously injured is only one example of
the landslide geohazards posing a risk to tourists and local people
(Görüm et al., 2017). In this respect, the landslide’s long-term
activity and the quantity of sediment flux need to be monitored.
From this aspect, keeping track of current mass movements
affecting the landslide, as well as the process understanding, is
of great importance for local and national authorities to take
preventive measures to counter landslide hazards and risks.
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Coğrafya Dergisi. 27–37. doi: 10.17211/tcd.318170
Blöthe, J. H., Korup, O., and Schwanghart, W. (2015). Large landslides lie low:
excess topography in the Himalaya-Karakoram ranges. Geology 43, 523–526.
doi: 10.1130/g36527.1
Boehner, J., and Selige, T. (2006). “Spatial prediction of soil attributes using
terrain analysis and climate regionalisation,” in SAGA – Analysis and Modelling
Applications, Vol. 115, eds J. Boehner, K. R. McCloy, and J. Strobl (Goettingen:
Goettinger Geographische Abhandlungen), 13–28.
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Ocakoğlu, F., Kır, O., Yılmaz, ÝÖ, Açıkalın, S., Erayık, C., Tunoğlu, C., et al. (2013).
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Şenel, M. (1997). 1/100.000 ölçekli Türkiye Jeoloji Haritaları, Fethiye-L9 paftası.
Ankara: MTA.
Shakun, J. D., and Carlson, A. E. (2010). A global perspective on Last Glacial
Maximum to Holocene climate change. Quat. Sci. Rev. 29, 1801–1816. doi:
10.1016/j.quascirev.2010.03.016
Shulmeister, J., Davies, T. R., Evans, D. J. A., Hyatt, O. M., and Tovar, D. S.
(2009). Catastrophic landslides, glacier behaviour and moraine formation – A
view from an active plate margin. Quat. Sci. Rev. 28, 1085–1096. doi: 10.1016/j.
quascirev.2008.11.015
Singeisen, C., Ivy-Ochs, S., Wolter, A., Steinemann, O., Akçar, N., Yesilyurt, S.,
et al. (2020). The Kandersteg rock avalanche (Switzerland): integrated analysis
of a late Holocene catastrophic event. Landslides 17, 1297–1317. doi: 10.1007/
s10346-020-01365-y
Smith, K. (2001). Environmental Hazards: Assessing Risk and Reducing Disaster,
Third Edn. London: Routledge.
Stead, D., and Wolter, A. (2015). A critical review of rock slope failure mechanisms:
the importance of structural geology. J. Struct. Geol. 74, 1–23. doi: 10.1016/j.jsg.
2015.02.002
Stone, J., Evans, J., Fifield, K., Cresswell, R., and Allan, G. L. (1996). Cosmogenic
chlorine-36 production rates from calcium and potassium: radiocarbon.
Radiocarbon 38, 170–171.
Stone, J. O. (2000). Air pressure and cosmogenic isotope production. J. Geophys.
Res. Solid Earth 105 23753–23759. doi: 10.1029/2000jb900181
Stone, J. O. H., Evans, J. M., Fifield, L. K., Allan, G. L., and Cresswell,
R. G. (1998). Cosmogenic chlorine-36 production in calcite by muons.
Geochim. Cosmochim. Acta 62, 433–454. doi: 10.1016/s0016-7037(97)00
369-4
Strom, A. L., and Korup, O. (2006). Extremely large rockslides and rock avalanches
in the Tien Shan Mountains, Kyrgyzstan Landslides 3, 125–136. doi: 10.1007/
s10346-005-0027-7
Synal, H. A., Bonani, G., Ender, R. M., Gartenmann, P., Kubik, P. W., Schnabel, C.,
et al. (1997). Status report of the PSI/ETH AMS facility. Nucl. Instrum. Methods
Phys. Res. Sect. B Beam Interact. Mater. Atoms 123, 62–68. doi: 10.1016/s0168-
583x(96)00608-8
Tanyas, H., Van Westen, C. J., Allstadt, K. E., Jessee, M. A. N., Gorum, T., Jibson,
R. W., et al. (2017). Presentation and analysis of a worldwide database of
earthquake-induced landslide inventories. J. Geophys. Res. Earth Surf. 122,
1991–2015. doi: 10.1002/2017jf004236
Ten Veen, J. H. (2004). Extension of Hellenic forearc shear zones in SW Turkey:
the Pliocene–Quaternary deformation of the Eşe Çay Basin. J. Geodynam. 3,
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